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Abstract
Global model data of the European Centre for Medium-Range Weather Forecasts
(ECMWF) are analyzed for resolved gravity waves (GWs). Based on fitted 3-D wave
vectors of individual waves and using the ECMWF global scale background fields,
backward ray-tracing from 25 km altitude is performed. Different sources such as orog-5
raphy, convection and winter storms are identified. It is found that due to oblique propa-
gation waves spread widely from narrow source regions. Gravity waves which originate
from regions of strong convection are frequently excited around the tropopause and
have in the ECMWF model low phase and group velocities as well as very long hor-
izontal wavelengths compared to other models and to measurements. While the total10
amount of momentum flux for convective GWs changes little over season, GWs gen-
erated by storms and mountain waves show large day-to-day variability, which has
a strong influence also on total hemispheric fluxes: from one day to the next the total
hemispheric flux may increase by a factor of 3. Implications of these results for using
the ECMWF model in predicting, analyzing and interpreting global GW distributions as15
well as implications for seamless climate prediction are discussed.
1 Introduction
Despite the importance of gravity waves (GWs) for many atmospheric phenomena such
as the quasi-biennial oscillation (Dunkerton, 1997; Ern and Preusse, 2009; Alexander
and Ortland, 2010; Ern et al., 2014), the summer-time branch of the Brewer–Dobson20
circulation (Alexander and Rosenlof, 2003), the predicted acceleration of the winter-
time branch of the Brewer–Dobson circulation due to global warming (McLandress and
Shepherd, 2009; Butchart et al., 2010), as well as for the whole mesospheric dynamics,
our knowledge on GWs is limited. This is mainly due to the fact that the effects of GWs
are global, but that GWs are of small and meso scales, and that even smaller scales25
are involved in their forcing, propagation and dissipation. In particular, for studying
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the interaction of GWs with the global circulation, general circulation models (GCMs)
are required, in which GWs are not well represented (for overviews on GWs, their
measurement and their implementation in global models see for instance Fritts and
Alexander (2003); Kim et al. (2003); Alexander et al. (2010) and Geller et al., 2013).
There are two lines which can be followed for improving this situation: by enhanced5
understanding we may explicitly improve our representation of GWs in global models,
or by enhanced resolution we may implicitly describe GWs correctly also on the global
scale.
Chemistry climate models (CCMs), for instance, do not resolve GWs because of
the missing spatial resolution of these models and the momentum transfer of GWs10
is therefore taken into account by submodels called GW parametrizations. This treat-
ment in submodels is a major source of uncertainty and lack of realism for CCMs, evi-
dent by the design of the parametrizations: gravity waves excited by orography (moun-
tain waves) are treated by a dedicated orographic parametrization (e.g., McFarlane,
1987; Lott and Miller, 1997). In most GCMs, GWs from all other sources are com-15
monly treated in a second parametrization, which therefore is called non-orographic
parametrization. The major difference between the two parametrizations is that the
first considers zero ground-based phase speed GWs and the latter primarily waves
with ground-based phase speeds distinct from zero. Non-orographic parametrization
schemes assume a universal source spectrum of GWs. The spectrum is either com-20
pletely homogeneous or depends only on latitude and is independent of longitude and
time (season) (Hines, 1997; Warner and McIntyre, 1999; Medvedev and Klaassen,
2000; McLandress and Scinocca, 2005). Even the source altitude of the non-orographic
parametrization schemes is uncertain; while some models assume sources above the
tropopause (Becker and Schmitz, 2003; Senf and Achatz, 2011), most chemistry cli-25
mate models use a launch height in the middle troposphere since wind filtering of the
GW spectrum in the upper troposphere and lower stratosphere (UTLS) yields best
agreement of the modeled GWs with global observations (Ern et al., 2006) and yields
the best match of the middle atmosphere wind fields with climatologies (Manzini and
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McFarlane, 1998; Orr et al., 2010). Unphysical non-orographic schemes are unsatis-
factory as GWs have localized sources causing longitudinal and temporal variations.
In particular, the feedback of GW sources to climate change is, in these schemes, not
represented.
In replacing the standard non-orographic schemes in CCMs by physical sources,5
progress was made for GWs from fronts (Charron and Manzini, 2002) and from convec-
tion (e.g., Beres et al., 2005; Song and Chun, 2008; Richter et al., 2010). Parametriza-
tions for other sources such as spontaneous adjustment are still at a very early stage
and not yet applicable. However, these source-based parametrizations present new
uncertainties: models may now contain more realism, but also a larger number of tun-10
able parameters. For instance, there is increasing evidence (Ern et al., 2004; Wu and
Eckermann, 2008; Hendricks et al., 2014) that high GW momentum flux (GWMF) at
winter high latitudes is generated to a large degree by spontaneous adjustment and jet
instability. However, this source is missing from the sources taken into account by the
CCM simulations of Richter et al. (2010) and still the global distributions are realistic.15
This indicates that a different source in the model erroneously exerts the drag which in
reality is exerted by the GWs generated by the jets.
A further simplification of all current GW parametrizations, except for the experi-
mental setup of Song et al. (2007), is to assume that GWs propagate instantaneously
and only inside the vertical column. This simplification is made despite evidence that20
oblique propagation influences the distribution of GWMF and drag on global scale
(Jiang et al., 2004b; Watanabe, 2008; Preusse et al., 2009a; Sato et al., 2009; Ern
et al., 2011, 2013) because this implementation allows for effective parallelization of
the GCM code.
Despite first attempts to replace the unphysical non-orographic sources by physics-25
based source parametrizations, clearly there is still much work to do. First, the cur-
rent set of physics-based sources is likely to be incomplete, second, the theoretical
formulation of these sources is simplifying and needs validation, and third, these for-
mulations have free, tunable parameters. For instance, the relative importance and
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dominating horizontal wavelengths of different sources are still poorly constrained and
largely unknown. Attempts to include ray-tracing GW parametrizations lead to numeri-
cally expensive models. At the same time computers are becoming more powerful and
spatial resolution is permanently increasing. This leads to the question: do we need
to develop parametrizations further or will in future highly-parallelized high resolution5
models actually solve all the problems implicitly?
In a new concept of seamless prediction it is envisaged to develop climate models
based on weather forecast models or, more precisely, numerical weather prediction
(NWP) models. Weather forecasting requires high spatial resolution. Parametrizations
for some still non-resolved processes such as precipitation are developed by larger10
teams than available for middle atmosphere models and validated in the use of weather
forecasts. One of the most advanced NWP systems is developed and operated at the
European Centre for Medium-Range Weather Forecasts (ECMWF). The spatial reso-
lution of the ECMWF general circulation model in 2008 was T799, L91 corresponding
to a spatial sampling of 25 km and has increased since (at the time of writing T1279,15
L91). This resolution should be sufficient to resolve a larger part of the GW spectrum.
Being thus a precursor for a GW resolving global GCM we can ask the following ques-
tions: what are the various sources for GWs in the middle atmosphere in the ECMWF
model? What can we learn about relative importance and variability? And do GWs in
ECMWF data have realistic properties?20
Despite the fact that large part of the GW spectrum is resolved in the model, the
ECMWF model needs to rely on a GW parametrization for a realistic representation
of the middle atmosphere (Orr et al., 2010). This differs from some general circulation
models (GCMs) with a comparable horizontal resolution which produce a tropical oscil-
lation similar to the Quasi-Biennial Oscillation (QBO) and even realistic global wind and25
temperature patterns in the mesosphere without any parametrized GW drag (Hamilton
et al., 1999; Watanabe, 2008; Kawatani et al., 2010). These differences show that also
GWs resolved in models need validation, as is shown by Geller et al. (2013).
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The question to which degree GWs are represented realistically in ECMWF data
is important as well for other applications. In addition to weather forecasts, analyses
of ECMWF are used as input for many scientific studies. In this way gravity waves
resolved by the ECMWF model could influence also cloud formation and chemistry in
trajectory studies or chemistry transport models.5
For ECMWF data a number of studies comparing resolved GWs with measurements
and other models exist. Gravity wave structures above a typhoon were investigated by
Kim et al. (2009). They compared ECMWF data with the results of a mesoscale model
and observations: the ECMWF model estimates too long wavelengths and underes-
timates the amplitudes, but in general observed and modeled structures are similar.10
Mountain waves were investigated in a case study for the Norwegian Alps (Eckermann
et al., 2006) and ECMWF model data show broadly realistic features with respect to
nadir-viewing satellite observations. In a systematic survey Schroeder et al. (2009)
compared GW signatures in ECMWF data with GW amplitudes from the infrared limb
sounder SABER (Sounding of the Atmosphere Using Broadband Emission Radiome-15
try). The results indicate that amplitudes are generally too low in ECMWF data. Very
good temporal and spatial correlations between the SABER observations and ECMWF
model data are found for prominent mountain wave regions such as Tierra del Fuego
and the Norwegian Alps, but only moderate correlations are found for regions where
previous studies indicate prominent convective excitation of GWs, for instance for the20
Gulf of Mexico or for the region of the Asian monsoon (Preusse et al., 2001; Jiang
et al., 2004b; Wright and Gille, 2011; Ern et al., 2011). Large values of the correla-
tion coefficient are caused by strong, temporally corresponding variations in the time
series of measurements and model. These strong variations are observed over oro-
graphic source regions (Eckermann and Preusse, 1999; Jiang et al., 2002; Schroeder25
et al., 2009). Individual convective sources are also highly intermittent, but averaged
over specific convective source regions such as the Asian Monsoon, convection and
convective GWs are active on the Northern Hemisphere for the whole period July to
September with only small variations. The moderate correlation values for convective
11966
ACPD
14, 11961–12018, 2014
ECMWF-resolved
gravity waves
P. Preusse et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
source regions in Schroeder et al. (2009) may therefore be simply due to the fact that
variations are too small and infrequent. They could also be, however, indication of
a shortcoming in the ECMWF model. Further evidence is needed to answer this ques-
tion.
A global GW resolving model such as the ECMWF model contains always GWs from5
many different sources. However, scientific understanding is based on the understand-
ing of the individual source processes. Also the importance of still-missing resolution
or of other parametrizations for the excitation of GWs depends on the source process.
Therefore we have the following major aims in this paper: (1) Identify the various source
processes from a global distribution, (2) estimate the relative importance of different10
sources for the total GWMF and (3) assess whether the waves from these sources
are realistic. The first step is the basis of the other two, of course, and in the lack of
better means it is frequently performed by spatial co-location of tropospheric sources
and stratospheric wave events. This, however, can be very misleading, as shown in this
study. A better method is therefore required and we use single-wave identification and15
backward ray-tracing.
Our work is based on a study in support of a proposed infrared limb-imaging satellite
instrument (ILI) (Riese et al., 2005; Preusse et al., 2009b), which would be capable to
measure 3-D distributions of temperatures at a sufficient spatial resolution to resolve
GWs. The study was designed to assess the accuracy of GWMF which can be inferred20
from such data, and to demonstrate the scientific advance promised by the novel mea-
surements. Since the analysis fully characterizes GWs resolved by the ECMWF model
in terms of amplitudes, momentum flux and the 3-D wave vector, it provides an ideal
data base for our current studies of ECMWF GW sources based on back-tracing single
waves. Sampling the model by the ILI measuring tracks does not affect the generality25
of the results.
In this paper we will use backward ray-tracing to identify the main sources for the
GW distribution in the lower stratosphere. We will show examples for mid and high lat-
itudes as well as for GWs in the tropics. In Sect. 2 we will describe the ECMWF data,
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the method to identify and quantify GWs in these data and how this can be used to
identify the sources by backtracing. In Sect. 3 we will first apply these methods globally
to sample data from a single day, 29 January 2008, and investigate various sources
such as orography and convection from the global distribution. We then focus on tropi-
cal GWs (Sect. 4) and first introduce concepts developed in previous work (Sect. 4.1).5
We show the relation between GWs and convection and discuss the excitation alti-
tude (Sect. 4.2), and determine the spectral properties which are compared to other
models and measurements (Sect. 4.3). Sources at higher latitudes are discussed in
Sect. 5. Current-day observations have insufficient data density and precision (consid-
ering GWMF) to investigate short term variations of e.g. hemispheric total fluxes. Here10
ECMWF data can give valuable insight (Sect. 6). Finally, we summarize the results and
discuss their meaning for using ECMWF data in GW research and for approaches of
seamless weather prediction.
2 Data, analysis and ray-tracing
In this paper five periods, each of seven days length, are presented: the data are for15
January, April, July, August and September 2008, respectively. Selection criteria were
(a) to create data representative of both solstices (i.e. Northern Hemisphere summer
and winter) as well as equinox conditions, and (b) high mountain wave activity in the
polar vortices for the respective winter cases.
2.1 ECMWF data20
We consider temperature forecast data of the ECMWF model (Persson and Grazzini,
2005) with a resolution of T799 L91. Due to data assimilation, the model represents
well the global and synoptic state of the real atmosphere. Mesoscale dynamics such
as GWs are generated by the GCM in a self-consistent manner. The presence of GWs
in the data therefore depends on two conditions. First, the model must contain the25
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processes which excite GWs, such as flow over orography, convection or flow instability.
Second, the model must have sufficient resolution to allow the generated waves to
persist and propagate.
The spectral resolution of the ECMWF-GCM would allow to resolve GWs with hori-
zontal wavelengths as short as 50 km, but in order to gain numerical stability, shortest5
scales are damped by hyper-diffusion. We here apply the method of Skamarock (2004)
in order to estimate the effective resolution of the ECMWF data. For this, we calcu-
late power spectra of temperatures along latitude circles. Figure 1 shows in red the
average of all spectra over the period 28 January 2008 to 3 February 2008 and lati-
tudes between 40◦N and 60◦N. The individual spectra were calculated by means of10
a one-dimensional Fourier-transform for a fixed latitude and time. The ECMWF data
we use are on a grid of constant longitude spacing. We neglect the resulting variation
of the horizontal sampling distance with latitude for the averages and use the wave-
length values corresponding to a latitude of 50◦N. The purple line indicates a slope
of −5/3. According to turbulence theory, dynamical variables such as horizontal winds15
and temperatures should obey a scaling law with an exponent between −2 and −5/3
in dependence of intrinsic frequency or horizontal wavenumber. This is corroborated by
observational data (e.g., Bacmeister et al., 1996; Eidmann et al., 2001; Hertzog et al.,
2002). The ECMWF data show this behavior for horizontal wavelengths longer than
about 220 km (corresponding to 0.028 km−1, green line). At horizontal wavelengths20
shorter than ∼ 220 km a steep decrease is observed. Since we expect the scaling law
to hold for even much shorter scales in nature, this indicates the artificial decrease due
to strong dissipation in the model, which uses a semi-Lagrangian advection scheme.
It should be further noted that waves shorter than 100 km have vanishing amplitudes.
Corresponding investigations for high latitude (60◦ to 80◦) and the tropics (equatorward25
of 20◦) indicate that waves with wavelengths longer than 180 km and 300 km, respec-
tively, are properly resolved by the GCM.
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2.2 Data analysis
Figure 2 illustrates the various steps of processing applied to the data. In order to
isolate GWs, a global-scale background consisting of the zonal mean and planetary
scale waves with zonal wavenumbers 1–6 (Ern et al., 2011) is subtracted by means
of a Fourier transform. Resulting temperature residuals (panel a) for 12:00GMT of the5
respective day are sampled to the observation locations of the ILI (panel c): between
82.7◦ S and 82.7◦N data will be taken on 15 orbits per day with a sampling of 50 km
along-track, 30 km across-track in 12 tracks and 700m in the vertical from 5 to 50 km.
These interpolated data shown in panel c therefore adequately sample the shortest
waves present in ECMWF data. Sinusoidal fits (Lehmann et al., 2012) are performed10
in sub volumes of 350km×360km×10km along-track×across-track× vertical. New fits
are performed every 150 km (every third point) along-track. The resulting temperature
amplitudes and wave vectors are allocated to the cube center. The method is capable
of characterizing also waves with horizontal and vertical wavelengths larger than the
fit volume. The vertical flux of horizontal pseudomomentum (in short gravity wave mo-15
mentum flux; GWMF) is calculated from wave vector and temperature amplitude (Ern
et al., 2004) via
(Fpx,Fpy ) =
1
2
ρ
(k, l )
m
( g
N
)2( Tˆ
T¯
)2
(1)
where
(
Fpx,Fpy
)
is the horizontal vector of the vertical flux of GW pseudomomentum,20
(k, l ,m) defines the wave vector, Tˆ is the wave amplitude, T¯ is the background tem-
perature, g is Earth’s acceleration and N is the buoyancy frequency. It was shown by
Lehmann et al. (2012) that fitting two sinusoids in small volumes represents well both
total GWMF as well as spectral distribution of GWMF in a given region compared to
Fourier analysis of the same region.25
Gravity wave momentum flux values for the cube centers on the ILI tracks are shown
in Fig. 2d. Note that maxima of GWMF are strongly localized and that GWMF varies
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over more than three orders of magnitude, globally. Maximum GWMF is observed for
the southern tip of Greenland and over Norway.
Vertical winds at full model resolution are shown in Fig. 2b. Vertical winds emphasize
GWs with short periods and short horizontal wavelengths which carry largest GWMF.
Accordingly, no background has been subtracted for Fig. 2b. Comparing the different5
panels, we find that large GWMF in Fig. 2d is indicated for the same location where
Fig. 2b shows large vertical winds and that for these locations large amplitude, short
horizontal wavelength structures are found in the temperature maps in Fig. 2a and c.
The precision of the individual fits was estimated by statistically comparing GWMF
calculated from temperatures with GWMF based on model winds. For the latter, the10
wave vector was fitted based on the vertical winds, the amplitude was fitted for all three
wind components individually. In both cases pseudomomentum flux was calculated
without using the mid-frequency approximation (i.e. the assumption that the intrinsic
frequency is much larger than the Coriolis parameter). By correlation analysis we found
very good correlation (usually better than 0.9 for 4000 points at each day), a scatter of15
10% to 15% width and a general low-bias of temperature-based GWMF in the order
of 25%. A precision of 10–15% or better for the individual values is well compatible
with the study of Lehmann et al. (2012) using WRF model data, the bias seems to be
a feature innate to the ECMWF model.
The finite-volume three-dimensional sinusoidal fits (S3D) determine the properties of20
monochromatic waves, and in this study we focus on the most prominent wave structure
in each investigated 3-D volume. Since we determine the 3-D wave vector and the
amplitude and associate these wave parameters with the centers of the fitting cubes,
the waves are fully characterized. This allows us to backtrace the waves to potential
source locations using the Gravity Wave Regional or Global Ray Tracer (GROGRAT)25
(Marks and Eckermann, 1995). The GROGRAT ray-tracer is based on the dispersion
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relation for GWs
ωˆ2 =
(k2 + l2)N2 + f 2
(
m2 + 1
4H2
)
k2 + l2 +m2 + 1
4H2
(2)
where ωˆ denotes the intrinsic frequency as seen by an observer moving with the back-
ground wind, and H gives the density scale height. From the dispersion relation the5
intrinsic group velocity is calculated by partial derivatives (e.g. cˆg,x = ∂ωˆ/∂k). Since
a wave packet propagates in the direction of its group velocity, this allows to determine
the new location of this wave packet after a chosen time step. According to the ray-
tracing equations (Lighthill, 1978) new horizontal and vertical wavenumbers (k, l ,m) for
the new position are calculated from the gradients of the background wind fields. This10
process is iterated until the wave either hits a boundary or becomes non-propagating,
e.g. due to reaching a critical level. Stepping backward in time instead of forward, a ray
can be backtraced.
Ray-tracing calculates the refraction of waves due to vertical and horizontal gradients
in the background wind fields and the buoyancy frequency. Background wind fields for15
ray-tracing should contain all synoptic-scale structures, but not finer scale GWs, since
otherwise the ray (which is a point-representation of a finite-extent wave packet) would
react to the local gradients caused by the same GWs we are investigating. There-
fore, and for reasons of computational cost, background wind fields of reduced reso-
lution were obtained from ECMWF. These were interpolated on a grid of 2.5◦ latitude,20
3.75◦ longitude and ∼ 2.5 km altitude for use in GROGRAT. We also neglect temporal
changes of the wind fields and use snap-shots for the time when the wave is identified
in the stratosphere along the whole wave trajectory.
The end-point of a backward ray is not necessarily the source of the GW. Waves
are traced back until they either approach a critical level, the ground is reached, or25
the rays leave the lateral boundary at either 85◦ S or 85◦N. While the latter condition is
technical, the first two conditions are physical. For instance, a critical level means that at
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this altitude the ground-based phase speed of a wave equals the wind velocity, in which
case the vertical wavelength of the wave vanishes according to Eq. (2). The source of
the wave hence cannot be below the critical level, because the wave would dissipate in
propagating upward, but it also cannot be exactly at the critical level, because there the
wave has vanishing amplitude (the saturation amplitude is proportional to the vertical5
wavelength). Therefore the wave is generated by a source process above the critical
level and located somewhere along the trajectory. If backtraced to the ground, the
source of course can be at the ground, e.g. for waves caused by flow over orography,
but for instance for convective waves we would expect the source inside the convective
cloud and above ground. In principle, the wave source therefore can be at any altitude10
above the lowest traceable altitude (LTA), but not below the end-point of the ray.
Unfortunately, backtracing does not provide us with a unique solution for the wave
amplitude at LTA level. In general, wave action conservation predicts that GW ampli-
tudes grow when the waves are propagating upward into less dense air. However, if
the wave reaches its saturation amplitude, it partly dissipates and stalls growing in am-15
plitude. For these waves it is impossible to infer which amplitude they would have at
source level. In the discussion below, we therefore consider the momentum flux at the
“observation” altitude of 25 km.
3 Results for 29 January 2008
In Sect. 2 we introduced a method to screen a data set systematically for potential20
sources. In this section we apply this method to the example of a single day, 29 Jan-
uary 2008. By the example of this single day we investigate which information can be
taken immediately from the pattern of backtraced potential ray origins.
Global backtracing data from one day are presented for the example of 29 Jan-
uary 2008, 12:00GMT in Fig. 3. The dark-gray traces in panels a and b show the25
ILI “measurement” tracks from where the ray-traces are launched at 25 km. For each
analysis result from the finite-volume three-dimensional sinusoidal fits (S3D) a ray is
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initialized. In this way backtraces are launched every 150 km along the track. The waves
likely originate from or close to the locations where the rays terminate and which there-
fore are called in brief wave origins below. They are indicated by dots in Fig. 3. In
Fig. 3a the color of the dots indicates the altitude of the ray-termination (LTA). Since
we are performing backward ray-tracing, the time elapsed between launch at the mea-5
surement and ray-termination is negative. The elapsed time is shown in Fig. 3b. For
waves of similar group velocities one would expect that GWs of lower LTA need more
time to propagate. However, checking the maps in detail one finds short times (red and
green in panel b) frequently for waves from lower tropospheric sources (black and blue
in panel a), while many waves with high LTA have long propagation times. Accordingly,10
propagation time in these maps is mainly an indicator of vertical group velocity. Fast
waves, which propagate only a short time between source and observation altitude,
are represented by red, slow waves which require up to two days and more are shown
in blue and black. The diameter of the dots is proportional to the base-10 logarithm of
the momentum flux of the individual GWs at 25 km altitude, and the green dots in the15
lower right corner (same in all panels) indicate 10, 1, 0.1 and 0.01mPa, respectively.
The most prominent source regions on the globe are two clusters of wave origins
at the southern tip of Greenland and west of the Norwegian coast. The location of
the wave origins around Greenland is well compatible with excitation of GWs by flow
over orography; the wave origins around Norway, however, extend far into the ocean.20
In order to investigate the source of these waves more closely we show horizontal
winds in the lower troposphere at 850 hPa in Fig. 4a. Colors indicate the absolute wind
velocity, the arrows the wind direction. Since Fig. 3b indicates that most waves offshore
of Norway required somewhat less than one day from LTA to observation altitude, winds
are given for 28 January, 18:00GMT, that is 18 h prior to the stratospheric GWs. At this25
time a strong storm with maximum wind velocities exceeding 30ms−1 is approaching
the Norwegian coast. Some streaks of high wind velocities connected with this storm
are seen southward of the storm center, over the Northern Sea and to the coast of
Scotland. Figure 4b reproduces the wave origins and LTA from Fig. 3 for this region.
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The wave origins are located along the largest wind velocities in Fig. 4a. In addition,
panel b shows the horizontal wind divergence ∂u∂x +
∂v
∂y , which is frequently used as
a suitable indicator for GWs.
The strongest wave signatures in the divergence fields in Fig. 4b are waves in the
lee of Greenland and above the southern tip of Norway (the latter marked by a red5
ellipsis, labeled 1). The most likely source for these waves is flow over orography in
these regions. These waves are clearly identified by the ray-tracer. Along the shore-
line of northern Norway wave origins mark waves which seem to be generated slightly
upstream of the orography (marked by a red ellipsis labeled 2). West of these two ellip-
sis, orography cannot be the source of the waves: less pronounced than the orographic10
waves but much larger in area are wave signatures collocated with the maximum wind
velocities. It should be noted that the wave fronts of these waves are oriented south-
west to north-east, i.e. they are at an angle (and not perpendicular) to the chiefly west-
erly winds. Due to this orientation and also given their long horizontal wavelengths they
are expected to propagate far downstream. Testing this (not shown), we found that15
waves from the storm spread downstream as far as 60◦ in longitude and down to the
Ural mountains. In particular, the offshore storm is the source of the high GWMF val-
ues in northern Norway, which by pure collocation would likely have been interpreted
as mountain waves. Gravity waves are more susceptible to wind filtering, if wave fronts
and background wind are not perpendicular. The larger the angle between the wave20
vector of a GW and the wind is, the lesser is the likelihood for that GW to reach the
stratosphere. Looking for sources of stratospheric waves, this explains why backtraces
of GWs and, in particular of GWs with larger momentum flux, mainly point to regions
where tropospheric patterns are almost perpendicular to the main wind, even though
in these regions amplitudes in the divergence fields may be less pronounced than in25
other parts of the storm.
At low latitudes (40◦ S–40◦N) Fig. 3 shows moderate GWMF, and GW backtraces
form no obvious source clusters. In the LTA, however, patterns can be recognized and
the rays seem to cluster in color rather than in location. In order to show this more
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clearly we have replotted Fig. 3a with a simplified color scale in Fig. 3c. Blue is indi-
cating tropospheric, red UTLS and green stratospheric LTA. Red dots are particularly
frequent in the southern subtropics (20◦ S to 10◦ S), in a diagonal stripe from 150◦ E,
20◦ S to Florida, and above the Maritime Continent (Indonesia and other tropical is-
lands between 90◦ E and 150◦ E). In the southern summer we expect the maximum5
of precipitation around 10◦ S above the continents and above the Maritime Continent.
This seems to indicate a connection between high LTA and convection. In order to pur-
sue this further, we show wave origins for only those waves with LTA between 12 km
and 18 km together with precipitation for 27 January, 12:00GMT, smoothed by a box-
average of 9×9 points. We have chosen precipitation two days previously to the “ob-10
servations”, since black to purple are the most frequent colors in the tropics in Fig. 3b
indicating a propagation time of around two days. We observe a general spatial co-
location between potential wave source locations in the UTLS and regions of enhanced
convection. The purple dots follow, for example, the arc-like structure of precipitation
from 20◦ S above Africa, to the Equator around Indonesia, and back to 10◦ S both west15
and east of the dateline. The purple dots are not precisely at the location of strongest
precipitation. Potential reasons will be discussed in Sect. 4.2. This indicates that exci-
tation of GWs frequently occurs at or in the vicinity of convection, but aloft, that is in the
UTLS, and not in the altitudes of strongest updrafts in the troposphere. Gravity waves
with lower LTA i.e., potentially lower source altitudes, have no obvious connection to20
convection.
4 Relation between convection and gravity waves
In the previous section we have seen for the example of a single day that tropical
and subtropical GWs are frequently excited in the UTLS region above convection. In
addition, for GWs which can be backtraced to the ground the ray-termination location25
is remote from any convection. In order to comprehend why this is surprising, we first
introduce convection as the main tropical mechanism exciting GWs and briefly review
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the mechanisms proposed, by which convection may generate GWs (Sect. 4.1). We
then (Sect. 4.2) discuss the following questions: is the situation of 29 January 2008
typical? Is it possible to explain all low-latitude GWs by convective excitation? The
spectral properties of convectively generated GWs are investigated in Sect. 4.3 and
compared to results from other models and from measurements. Finally we ask in5
Sect. 4.4 why convective GWs in ECMWF were not realistic.
4.1 An overview of forcing mechanisms
Two general concepts of GW excitation by convection are discussed. The first is called
the moving mountain model (Pfister et al., 1993), because it is formulated in analogy
to orographic GW excitation: at tropopause altitudes frequently a vertical wind shear is10
observed. It is then assumed that a convective system uplifts the tropopause, causing
an obstacle to which the wind reacts by vertical displacement in the same way as for
orography on the ground. A real mountain wave has zero phase speed with respect to
the ground, but a convective tower moves with the tropospheric wind and evolves and
decays, implying a low ground-based phase speed.15
The second model assumes resonant forcing due to latent heat release. In its orig-
inal formulation by Salby and Garcia (1987) two conditions are assumed for most ef-
fective forcing of waves: first that a consistent wave pattern is formed throughout the
entire troposphere, and, second that the height of the forcing region (almost ground to
tropopause in the case of strong convection) equals half the vertical wavelength (or an20
odd-integer multiple). Based on the dispersion relation in mid frequency approximation
(N2  ωˆ2  f 2):
ωˆ2 =
k2N2
m2
⇔ cˆ2 = N
2
m2
⇔ cˆ2 = N
2λ2z
(2pi)2
(3)
these assumptions govern the horizontal phase speed. For a typical tropopause height25
and tropospheric buoyancy frequency an intrinsic phase speed of ∼ 30ms−1 is esti-
mated for the maximum of the excited GWMF distribution. Modern formulations (e.g.,
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Beres et al., 2005; Song and Chun, 2008) are more sophisticated. Still, also in mod-
ern formulations a consistent forcing throughout the troposphere is most effective in
exciting GWs. Accordingly, the phase speed distribution of GWMF takes its maximum
in the range of 10–30ms−1, but even much faster waves contribute significantly. Such
phase speed distributions match well observations (e.g., Preusse et al., 2001; Ern and5
Preusse, 2012).
Resonant forcing acts independent of the time scale and horizontal wavelength,
which are mainly controlled by the details of the forcing process. Depending on the
forcing process horizontal wavelengths range from a few kilometers (Lane et al., 2001;
Lane and Sharman, 2006; Jewtoukoff et al., 2013) to several thousand kilometer and10
periods range from 20min to approximately a day. Gravity waves of horizontal wave-
lengths of 20 to 50 km (e.g., Taylor and Hapgood, 1988; Dewan et al., 1998) due to
the the harmonic oscillator effect (Fovell et al., 1992) are too short to be resolved by
GCMs. Satellite data observe GWs of a few 100 km horizontal wavelengths and a few
hours period. These are also investigated by mesoscale models and potentially are15
resolved by GCMs relying on resolved waves only (Hamilton et al., 1999; Watanabe,
2008; Kawatani et al., 2010).
Because a large number of numerical simulations showed wave excitation by res-
onant forcing, it is generally assumed that resonant forcing by convection is the
main source of tropical GW activity. For instance, when Beres et al. (2005) added20
a parametrization for resonant convective forcing of GWs in their GCM simulations,
they assumed that this would provide the main source for tropical GWs and accord-
ingly removed the standard non-orographic scheme at low latitudes. The so-obtained
global wind and temperature fields support this approach. But if resonant convective
forcing of GWs is the chief source of convective GWs, we expect the backtraces to end25
in the troposphere. It is therefore surprising that Fig. 3d indicates particularly good spa-
tial collocation for GWs excited above the troposphere in the UTLS. For those regions
where Fig. 3d indicates enhanced precipitation there even seems to be a dominance
of LTA at tropopause height in Fig. 3c. This also is surprising, if we assume resonant
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forcing to be the dominant convective excitation mechanism. In addition, we may ask
what the sources of low LTA values in regions without convection are.
On the other hand, it is clear that convective GWs in ECMWF data must be validated.
The ECMWF parametrization for convection is developed for NWP and therefore de-
signed to produce the correct amount of rain. That the way convection is parametrized5
may heavily influence the spectrum of tropical waves, and in particular GWs, was
shown in previous studies (Ricciardulli and Garcia, 2000; Kim et al., 2007). Therefore
we are not even sure that GWs excited by convection in the ECMWF model are gen-
erated by the same mechanisms as in nature (more details will be given in Sect. 4.4).
The convectively coupled large-scale waves in ECMWF data are realistic to a large10
degree (Bechtold et al., 2008; Ern et al., 2008; Jung et al., 2010). The question is open
for GWs. ECMWF data are not a controlled experiment in the sense that we can isolate
single processes or have control over individual parameters. In addition, we have only
access to 6 hourly data and selected parameters. Investigating certain processes in
these data is therefore the same kind of puzzle we would have from measurements.15
The first step is to gain a more statistical view on the problem. We therefore consider
the whole five-week data set of ECMWF data available in this study.
4.2 Statistical approach to ECMWF data
In Fig. 3 we have seen particularly high LTA above precipitation. In order to gain
a broader data base, we consider three one-week periods in Fig. 5. In the left column20
color indicates LTA. Values given are one-week averages in circular bins of 800 km ra-
dius. For the averages, LTA was weighted by the corresponding GWMF at 25 km. The
edge length of the rectangles representing the individual bins is proportional to the in-
tegrated GWMF in a certain bin; for values of 30mPa or larger the length is equal to
the grid spacing of 2◦ latitude and 5◦ longitude and the map is completely filled. We25
have chosen integrated rather than average flux, since this takes also into account the
number of rays in a certain bin, i.e. because it better represents the total amount of
stratospheric GWMF originating from a given region. On average there are approxi-
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mately 140 values in every bin, but this number strongly varies with location. The right
column shows precipitation accumulated above the same period, i.e. the sum of pre-
cipitation during the respective week, again smoothed by a box average of 9×9 points.
In addition, in the right column contours show average LTA of 5 km (purple), 7 km (pink)
and 11 km (red). Taken into account are only regions where integrated GWMF is larger5
than 20mPa. The contour lines hence reproduce from the left column regions where
the map is almost completely filled and which have blue or green color.
At low latitudes, the LTA maps (Fig. 5a–c) indicate enhanced values for the summer
subtropics, both in LTA value as well as in GWMF. These enhanced values correspond,
in a loose way, to regions of large precipitation in the right column. For instance, in10
January enhanced precipitation above South America, Africa, the Maritime Continent
and a strong center of convection around the dateline correspond to LTA maxima (in-
dicated by the pink lines on the right column and light-blue and green color in the left
column), convection west of Middle America, above the southern US (Florida, Gulf
of Mexico), the Indian monsoon and, again, Indonesia correspond to LTA maxima in15
Northern Hemisphere summer. However, the maxima in LTA appear, in general, at
somewhat higher latitudes than the precipitation maxima. Enhanced LTA values at the
west coast of Africa in panel c have no direct correspondence in precipitation, and there
are many rain areas which are not visible in enhanced GWMF with high LTA.
That a correspondence, albeit loose, exists, gives us a hint that there are GWs ex-20
cited in the UTLS above or in the vicinity of convection. It does not provide us explana-
tion for the substantial momentum flux of GWs for which backtraces end a far distance
from any convection. Is this is a different source? Also, if we assume that GWs are ex-
cited above convection, why is the correspondence not closer? A tentative explanation
for the latter question is connected to oblique propagation of GWs: the source is un-25
likely to be precisely at the termination position, because the rays are terminated when
they reach a critical level where the amplitude vanishes. It is therefore more likely that
the true source is located somewhere along the ray above the LTA. Since typical ray-
traces in the tropics have lengths of several thousand kilometers, frequently 10 000 km,
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(not shown) a slightly higher source altitude may correspond to a displacement of sev-
eral degree e.g. in latitude. Therefore patterns get blurred or shifted: analyses beyond
simple collocation of maps are required for further insight.
In some GCM model studies, convective GW excitation served as the only source of
GWs in the tropics (Beres et al., 2005; Richter et al., 2010). In the following paragraphs5
we use this as a working hypothesis. As discussed above, the true source of a wave
is somewhere along its backward trajectory. Following the trajectory backward from
the observation, we may assume that the first time this trajectory passes convection
is the location of the source. This cannot be visualized properly in maps, so Fig. 6
provides for GWs with ray terminations between latitudes 40◦ S to 40◦N a statistical10
view on this problem. Figure 6 shows the relative distribution of GWMF as “observed”
at 25 km altitude dependent on potential source altitude. For all ray-traces with LTA
in a respective altitude bin, the sum of GWMF normalized to the total GWMF of all
wave events (i.e. for all altitudes) is shown. The black curve is for all wave events.
About 35% of the momentum flux stems from waves which can be traced down to the15
ground, but an about equal amount is attributed to altitudes between 13 km and 18 km,
i.e. from the tropopause region. (Note that while 13 km is a few kilometers below the
tropical tropopause, the real source of the GWs is likely above LTA.) If we consider only
waves where the ray is terminated close to strong precipitation (dark blue), we see
generally fewer waves, but the distribution remains largely unchanged. If we consider20
only the one-week period in January (not shown) a relative enhancement in the UTLS
is observed. The peak of the blue curve in the UTLS represents GWs which cannot
penetrate the UTLS, that means they are excited in this region with very low ground-
based phase speed. This behavior is expected for the moving mountain model for
a convective tower almost at rest.25
However, we may assume that the convective tower is variable in time and moves
with respect to the wind. Then, according to the original design of the moving moun-
tain model (Pfister et al., 1993), it excites in the UTLS GWs with ground-based phase
speeds larger than the wind velocities at the altitude of strongest wind shear. If such
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GWs are traced back from an observation at higher altitudes, they of course pass the
true source region, but they can also be traced further downward, since no critical level
is encountered. We therefore consider the whole ray-path, interpolating both in space
and time, and replace the LTA with that altitude (CLTA) where the ray-path horizontal lo-
cation intersects precipitation larger1 than 0.5mmday−1. The resulting CLTA is shown5
in the light-blue curve. Almost all waves would now be excited in the UTLS. The to-
tal contribution of waves which never have passed convection (shown in red), is very
small. Based on the working hypothesis of convection being the dominant source, we
can explain almost all waves by a convection-related source mechanism in the UTLS.
This means we reach a consistent picture using this working hypothesis.10
To further test the working hypothesis it is assumed that there is a second important
source. The consistent picture described above would be reached by mere coincidence
in this case: most waves in the tropics travel several thousand kilometers in the hori-
zontal. Therefore it could appear almost unavoidable that at some location they meet
convection. This we tested by generating an artificial distribution of precipitation. Both15
longitude ψ and latitude φ were inverted (φ∗ = −φ, ψ ∗ = −ψ ; point reflection of the
distribution through 0◦ lon, 0◦ lat). As a result, the peak of CLTA in the UTLS decreased
from 46% to 39% (not shown). This decrease in frequency indicates that the long
drawn trajectories very frequently, but not necessarily, meet convection and in turn that
the consistent picture of convective GW excitation in the UTLS is an indication, too,20
that this is the dominant excitation process.
1This threshold is quite low. It was chosen for two reasons. First, this study is based on accu-
mulated rain and can therefore not distinguish between heavy but short precipitation and con-
tinuous drizzle. Second, given the horizontal wavelengths of the GWs (c.f. Sect. 4.3) and uncer-
tainties in the methods, ray-traces in the tropics cannot be expected to match on a O (100 km)
scale. Each spot of heavy precipitation (> 15mmday−1) in Fig. 3 is surrounded by a larger area
of lower values and the lower threshold mimics a widening of the match-radius. Enhancing the
threshold leads to a continuous decrease in matches.
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In order to investigate the role of the UTLS for GW excitation we need to retain the
full altitude resolution. Since ECMWF data are only available at 6 hourly sampling, we
cannot perform a spectral analysis like for instance by Kim et al. (2009) and need to
restrict ourself to GWMF directly calculated from the wind fluctuations. For Fig. 7 we
calculate absolute values of zonal GWMF and from these the zonal mean using5
|Fx,mf | = ρ¯|u′w ′| (4)
where the bar indicates the zonal mean, the | | indicates the absolute values, and u′
and w ′ are the wind perturbations at the individual grid points for the full ECMWF data
set. Data are interpolated to a fixed altitude grid spaced 500m in the vertical before10
evaluation. In the UTLS region synoptic scale waves are very prominent and much
more important than in the stratosphere. The wind perturbations u′ and w ′ are there-
fore isolated by subtracting zonal waves 0–20, that is using a higher zonal wavenumber
to distinguish GWs than for the stratospheric temperature data. Equation (4) is an ap-
proximation neglecting a factor (1− f 2
ωˆ2
) which allows us to calculate GWMF directly15
from the model data without wave analysis. The resulting GWMF values are shown in
the upper row, left for all grid points, middle for grid points in which also precipitation
is found and right for grid points without precipitation. Please note that in this analysis
we do not use a wave identification, therefore we can only consider in which vertical
grid columns precipitation is indicated. Also panel c therefore contains GWMF from20
precipitation events, and following our argument above, even the majority of GWMF in
panel c potentially origins from convection.
In the stratosphere we find patterns qualitatively well known from global measure-
ments (e.g., Wu and Waters, 1997; Preusse et al., 2009a; Ern et al., 2011; Geller et al.,
2013): largest GWMF values in the winter polar latitudes and a secondary maximum in25
the summer sub-tropics. The subtropical maximum is tilted with altitude, a feature ob-
served for instance by Jiang et al. (2004b); Ern et al. (2011) and explained by oblique
wave propagation (Preusse et al., 2009a; Choi et al., 2009). However, the values shown
in Fig. 7 need to be interpreted with some care. Using full wave characterization, the
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influence of the factor (1− f 2
ωˆ2
) was estimated for stratospheric values: in the subtropics
direct estimates from u′w ′ are on average almost a factor of 2 too high. In the tro-
posphere, diabatic motions are usually much stronger than adiabatic motions due to
GWs. As will be discussed below, these are underrepresented in ECMWF. Still, the very
high GWMF values (red vertical structures) in the lower and mid troposphere are not5
reliable. Finally, calculating an average from the absolute value of fluctuations is prone
to amplify noise. Figure 7 therefore should be only considered for relative structure.
Despite these shortcomings and caveats, the patterns in the upper troposphere and
lower stratosphere provide some support of GW excitation in the UTLS: the tropopause
region is marked by an extremely fast decrease in absolute GWMF in Fig. 7. For many10
latitudes colors change from red in the troposphere to blue in the stratosphere, indi-
cating a decrease of two orders of magnitude over an altitude range of only 5 km. Mo-
mentum flux is generally high throughout the troposphere, but below the tropopause
some enhancement is found. In some regions values raise by half an order of mag-
nitude, i.e. by a factor of 3. Values are high at mid and high latitudes of the winter15
hemisphere, low in the winter (northern) subtropics and enhanced for the summer
(southern) subtropics. This subtropical maximum is the region of enhanced wave flux
discussed above. Panel b shows values for horizontal grid-points where precipitation
is larger than 0.5mmday−1, panel c where precipitation is below this threshold. Please
note that this analysis is not based on wave identification, i.e. we cannot discern con-20
vective or non-convective waves based on the history of a wave packet, but have to rely
on the precipitation in the same grid column. Therefore a large part or even the whole
of the GWMF shown in panel c may originate from convective regions.
Average GWMF, in particular in the troposphere, is larger for the precipitation lo-
cations shown in Fig. 7b than for the non-convective regions shown in Fig. 7c. The25
subtropical maximum, particularly in panel b, is shaped like a mushroom with a stem
and a hat at about 15 km altitude. The hat indicates enhanced GW excitation around
the tropopause. The high values in the stem are not reliable (see above) and are there-
fore not discussed. There are, however, no indications for an additional low altitude
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wave source in the Northern Hemisphere subtropics to match the backtraces to low
altitudes in the northern subtropics seen in Figs. 3 and 5. At 15 km altitude we find also
the minimum Richardson number in the lower row (please note the different altitude
scale in the lower panels), though the Richardson number is neither small enough to
cause dynamic instability nor particularly small in the case of convection.5
Generation of GWs in strong wind shear near the tropopause in Monsoon regions
was observed by Leena et al. (2010) analyzing GPS radiosonde data from Gadanki,
India. From hodographs they analyze the vertical propagation direction and find up-
ward propagation in the stratosphere. In the troposphere, during monsoon season the
majority of GWs propagate downward while in all other seasons there are about equal10
amounts of upward and downward propagating waves. Gravity wave excitation around
the tropopause was also reported in earlier studies (e.g., Guest et al., 2000). This in-
dicates that processes like those shown for the ECMWF model in Fig. 7 also occur in
nature. It should, however, be noted that because of the analysis technique the stud-
ies of Leena et al. (2010) and Guest et al. (2000) focus on GWs with short vertical15
wavelengths and with relatively low intrinsic frequencies. The observational evidence
is therefore selective and does not represent the full range of GWs occurring in nature.
In summary, all evidence presented in this subsection is pointing to the fact that the
majority of tropical GWs in the ECMWF model are excited at the altitude of strongest
wind shear, that is above the convection but not in the convection.20
4.3 Spectral properties of convective GWs
In Sect. 4.2 evidence is presented that low-latitude GWs are excited by convection.
There are a number of previous studies of convective GWs which can provide us a ref-
erence for the spectral distributions expected for convectively generated GWs. We here
focus on two studies. Mesoscale modeling of typhoon Ewiniar (Kim et al., 2009, 2012)25
has been evaluated with a Fourier transform and with the same spectral method (S3D)
used here for ECMWF data (Lehmann et al., 2012). By comparing the S3D results of
the WRF model study (Lehmann et al., 2012) with S3D results of ECMWF data we use
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the same method for both data sets excluding methodological biases from the compar-
ison. It should be noted that GWs in this study are emitted from the rain bands in the
spiral arms rather than from the typhoon core. Though the typhoon is still an excep-
tional event, the spectral distribution should be quite representative also of other areas
of deep convection far more frequent than typhoons. For an observational ground truth5
we use global data from the High Resolution Dynamics Limb Sounder (HIRDLS) (Ern
and Preusse, 2012) because they provide a statistical average similar to ECMWF data.
The S3D analysis provides for a specific location only the two leading spectral com-
ponents. However, for a larger region the spectral distribution can be inferred from
these individual wave events. By binning the single events according to phase velocity10
and direction, distributions can be calculated which capture the main spectral features
(Lehmann et al., 2012). Since the GW spectrum is filtered by the background winds,
we cannot determine the source spectrum from the GWs at 25 km. However, we can
at least determine the part of the spectrum which is relevant for the stratosphere. We
focus on the tropics and subtropics and consider latitudes of 40◦ S–40◦N. In Fig. 8,15
GWMF at 25 km is plotted vs. phase velocity and direction at LTA, in the upper row for
the January period, in the lower row for a July period, i.e. for southern and northern
summer conditions. We here use LTA from the ray-tracer without considering the in-
tersection with convection. The left column shows events where backtraces end at the
location of convective events, the right column all other cases. In the end we assume20
that almost all of these waves originate from convection, but the separation allows to
consider spectral differences for GWs which are directly related to convection and for
the remaining GW events.
Stratospheric low-latitude GWMF peaks in the summer subtropics (cf. Fig. 7). There
we expect mean background winds to be easterly. Accordingly maxima in the spectra in25
Fig. 8 are found for eastward propagating GWs which in the stratosphere are Doppler
shifted to higher intrinsic phase speeds, refracted to larger vertical wavelengths and
hence can attain larger amplitudes (Lane et al., 2001; Preusse et al., 2006). In addition,
there is a poleward preference, i.e. the prevailing meridional component of the direction
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is southward in January and northward in August. It should be kept in mind that this is
the shape of the spectrum as observed after filtering and hence we cannot distinguish
whether this poleward preference is already present in the source spectrum or whether
it is a result of the propagation from the source to the observation altitude. The general
preference of poleward propagation is also visible in observations: Jiang et al. (2004b)5
find in MLS observations a poleward shift with altitude of the convective maxima and
also Ern et al. (2011, 2013) find in zonal mean HIRDLS and SABER distributions that
the subtropical maximum is tilted poleward with altitude.
Phase speeds are higher for the right column. This is not trivial to discern, since
integrated GWMF is generally higher in the right column. However, while peak values10
at low phase speeds in panels a and b are 6 mPa and values around 10ms−1 phase
speed are about 4–5mPa in both panels, there is a distinct arc of almost 5mPa in panel
c for phase speeds of ∼ 20ms−1 whereas values in panel a are about 2mPa. This
supports the interpretation in Sect. 4.2 that a large number of GWs are excited above
convection with non-zero ground-based phase speeds and that for these waves the15
backtraces pass but do not end at convection. These events are forming the majority
of the events in the right column. However, both in the left and the right column the
ground-based phase speeds of the waves are low, peaking below 10ms−1 and most
of the GWMF is found below 20ms−1. This differs from e.g. the typhoon simulations
of Kim et al. (2009) using the WRF model (Skamarock et al., 2005). These data were20
analyzed by Lehmann et al. (2012) with the same technique as used here. Phase
speed distributions of GWMF in the typhoon case peak around 20ms−1 and extend to
higher phase speeds.
Unfortunately there are very few measurement techniques which can deduce the
direction of GWs and hence there are no global statistics of the ground-based phase25
speed. However, horizontal wavelengths were estimated from HIRDLS data for convec-
tive source regions in the subtropics (Ern and Preusse, 2012). In Fig. 9 the HIRDLS
spectra for convective regions (left column) are compared with spectra from ECMWF
data (right column). For better orientation, gray coordinate lines indicate 10 km verti-
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cal wavelength and 1000 km horizontal wavelength, respectively. For the satellite data,
only the wavelength along the satellite track can be deduced and due to sampling
issues there will be also a certain amount of aliasing (Ern et al., 2004). In addition,
the visibility filter of infrared limb sounders decreases at short horizontal wavelength
(Preusse et al., 2002). The spectra from HIRDLS therefore are expected to underes-5
timate GWMF at short horizontal wavelength and indicate too large GWMF for larger
horizontal wavelengths, i.e. the spectrum will be somewhat shifted toward lower hor-
izontal wavenumbers. In contrast, for ECMWF data the true horizontal wavelength of
the resolved waves is estimated. However, in the left column the peak for observed
GWMF is at horizontal wavelength of a few 100 km and the contribution of GWs longer10
than 1000 km is small. In contrast, the opposite is the case for ECMWF data: GWs
resolved by the ECMWF model peak at more than 1000 km horizontal wavelength and
the contribution of wavelengths shorter than 1000 km is small. Thus, tropical GWs in
ECMWF data have a substantial high bias in their horizontal scales of at least a factor
of 3 compared to observations, potentially more.15
It should be noted that very long horizontal wavelengths have been observed by
satellite (Preusse, 2001) and radio sondes (Leena et al., 2010). Gravity waves of these
scales exist in nature. However, the first example is a case study and the latter uses
a selective technique. It is therefore the shift of the GWMF spectrum towards longer
horizontal wavelengths in a climatological average which makes the ECMWF data non-20
realistic.
The spectra from HIRDLS are limited to vertical wavelengths shorter than 25 km (Ern
and Preusse, 2012). For ECMWF data a 50 km vertical wavelength limit was used.
Therefore spectra generated from ECMWF data potentially could show longer wave-
lengths than the measurements. Again, the opposite is the case: spectra from ECMWF25
data are peaking at somewhat shorter vertical wavelengths and are weaker for the long
vertical wavelength part. This points to too low phase speeds, the same effect as also
discussed for the phase speed spectra in Fig. 8 compared to the typhoon simulations.
For 25 km altitude and very short vertical wavelengths ECMWF data indicate larger
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GWMF than HIRDLS observations, which is likely due to a decreased sensitivity of
HIRDLS for GWs with wavelengths shorter than 4-5 km and should not be physically
interpreted.
There is one interesting feature which is well reproduced by ECMWF data, though.
Spectra at 25 km altitude (first and third row) peak at much shorter vertical wavelengths5
than spectra at 35 km altitude (second and fourth row). This shift towards longer vertical
wavelengths is likely due to larger background wind velocities as well as to a general
shift towards longer vertical wavelengths because of amplitude growth and saturation
(e.g., Gardner et al., 1993; Warner and McIntyre, 1999; Preusse et al., 2009a; Ern
et al., 2011).10
4.4 Why are ECMWF convective GWs not realistic?
The ECMWF convective parametrization is designed to produce the correct amount
of rain and optimized for a data assimilation system of NWP. That the convective
parametrization may heavily influence the spectrum of tropical waves, and in partic-
ular GWs, was shown in previous studies (Ricciardulli and Garcia, 2000; Kim et al.,15
2007). The ECMWF convective parametrization contains both updraft and downdraft
in a single ECMWF grid cell (Persson and Grazzini, 2005). Only the residual motions
are coupled to the model dynamics. Accordingly convection is not fully coupled to the
dynamics of the GCM and hence GWs by resonant forcing are not present. This can
be beneficial also for data assimilation since potential misrepresentation in the details20
of convection do not disturb assimilation of other quantities.
An example for this missing coupling between the convective parametrization and the
dynamical core is presented in Fig. 10, which shows high resolution vertical winds at
10 km altitude for 28 January 2008, i.e. 36 h prior to the stratospheric GWs discussed
in Figs. 2 and 3. There are some features above orography at mid and high north-25
ern latitudes which are likely connected to orographic GWs. Examples are central Eu-
rope, Norway, Spitsbergen and the Rocky Mountains. There are also some structures
along the convective tropical rain bands. However, these are of the order of 0.2ms−1
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or smaller. Compared to expected updrafts of more than 10ms−1 normally found in
strong convection, ECMWF values are tiny.
This missing coupling to the dynamical core of the GCM and the tiny wind speeds
are the likely reason that GWs in the ECMWF model are excited aloft of convection in
the shear region in the UTLS rather than by resonant forcing in the troposphere. This in5
turn causes that ECMWF resolved GWs have too slow phase speeds and far too long
horizontal wavelengths. More realistic GWs may enhance the skills of a NWP system
for long-term prediction. One promising pathway to long-term prediction is the QBO
(Scaife et al., 2014). Capturing the seasonal cycle of tropical GWs (Krebsbach and
Preusse, 2007) may enhance the models capability to predict the QBO and, via tele-10
connections, surface temperatures in Northern Hemisphere winter (Scaife et al., 2014).
However, the primary focus of NWP systems is on short-term forecasts. If a different
scheme for convection would adversely affect precipitation prediction or assimilation
skills, it would unlikely be applied.
5 Gravity waves at higher latitudes15
In Sect. 3 strong GW excitation by orography and a storm are described and in the
previous section we focus on GWs at low latitudes. However, observations indicate
largest GWMF in the southern winter polar vortex, remote of any orography. This high
GWMF is persistent and not connected with unusual weather events. What are the
sources of ECMWF-resolved GWs in this region?20
Figure 5 also shows sources of high latitude GWMF in the polar vortices. Several
features are observed. First, the Antarctic Peninsula and the southern part of South
America are very clearly identified as prominent GW sources. At these regions LTA is
close to zero indicating that orography is the cause of GWs. Enhanced GWMF in these
regions excited by orography is in very good agreement to observations and process25
modeling (e.g., Fetzer and Gille, 1994; Eckermann and Preusse, 1999; Jiang et al.,
2002; Alexander and Barnet, 2007; Alexander et al., 2008; Hertzog et al., 2008; Ern
11990
ACPD
14, 11961–12018, 2014
ECMWF-resolved
gravity waves
P. Preusse et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
et al., 2011; Plougonven et al., 2013). Second, apart from these orographic sources,
there is a general band of wave origins for high GWMF for almost all longitudes (60◦W
to 180◦ E). These wave origins are not matching topography and hence indicate some
other sources.
The source of high GW variance at polar latitudes is under debate since first seen5
in space observations (Fetzer and Gille, 1994; Wu and Waters, 1997; Preusse et al.,
1999). Recently, high momentum flux required for the momentum balance in GCM
was attributed for instance to fronts (Charron and Manzini, 2002; Richter et al., 2010),
convection (Choi and Chun, 2013) and small islands (Hoffmann et al., 2013). A recent
study of Hendricks et al. (2014) attributes the belt of large stratospheric GWMF to10
instabilities at 500 hPa, where in the storm tracks large eddy growth rates are found.
This is compatible in our study to GW origins between 30◦ S and 50◦ S with LTA in the
troposphere. For instance, Fig. 5c indicates large GWMF of tropospheric LTA around
Cape Town. However, between 50◦ S and 60◦ S average LTA are higher than 7 km,
in some regions higher than 12 km on average. As the source level is always higher15
than LTA, the LTA values indicate sources in the stratosphere. Also, since the wave
origins are between 50◦ S and 60◦ S, the sources seem not to be connected with the
tropospheric storm tracks, which are located equatorward. In summary, indication is
found for GWs from the storm tracks propagating obliquely and being focused into
the stratospheric jet. However, in addition, a further source at the lower edge of the20
stratospheric jet is required to explain the GWMF values observed in the edge of the
polar vortex in ECMWF data. Large part of the GWMF in the southern polar vortex is
therefore likely caused by some kind of jet-instability or spontaneous adjustment in the
lower stratosphere.
A puzzling feature in stratospheric climatologies of GWs is the low GWMF over the25
Rocky mountains (Geller et al., 2013). In Fig. 10 high activity is seen in the troposphere
above the Rocky Mountains which, however, does not reach the stratosphere. For in-
stance, Fig. 5 indicates no orographic waves from the Rocky Mountains for the period
28 January to 3 February 2008. This is in agreement with observations (Jiang et al.,
11991
ACPD
14, 11961–12018, 2014
ECMWF-resolved
gravity waves
P. Preusse et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
2004a; Geller et al., 2013) which show very low GW activity above the Rocky Moun-
tains. This was reproduced for the MLS climatology by ray-tracing calculations with the
NRL mountain wave forecast model (Jiang et al., 2004a) and is likely due to the po-
sition of the stratospheric jet in the Northern Hemisphere. In the episode investigated
in this paper the ECMWF model reproduces the filtering of mountain waves from the5
Rocky Mountains preventing them to enter the stratosphere.
6 Temporal variability
The spatial distribution of global GW momentum flux is dominated by subtropical GWs
from convection in the summer hemisphere and by GWs from orography, storms and
spontaneous imbalance in the winter hemisphere. Both form distinct maxima, one at10
subtropical latitudes of the summer hemisphere and the other at mid and high latitudes
of the winter hemisphere (cf. Fig. 7 for ECMWF data and Ern et al. (2011) for obser-
vations). In both cases the prevailing propagation direction is opposite to the prevailing
background winds, i.e. the waves propagate mainly eastward in summer and west-
ward in winter. In order to capture the temporal variation we present total hemispheric15
GWMF in Fig. 11. In integrating over an entire hemisphere we capture either the sum-
mertime subtropical maximum or the wintertime high-latitude maximum, depending on
hemisphere and season, but avoid an influence of the integration area that could be
induced by latitude limits focused on specific regions or latitude bands. Similar as for
Fig. 7 we calculate zonal mean GWMF directly from the full model data, but this time20
for the zonal mean net flux
Fx,mf = ρ¯u′w ′ (5)
We then integrate this zonal mean net flux over latitudes 0◦ to 90◦N for the Northern
Hemisphere shown in Fig. 11a and 0◦ to 90◦ S for the Southern Hemisphere shown25
in in Fig. 11b. Different altitudes of 25 km (black), 35 km (green) and 45 km (red) are
indicated by color. The left panel shows the values for the Northern Hemisphere. The
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first period is for northern winter and is dominated by westward flux, the second period
in April is the quiet season for GWs on both hemispheres, periods 3 and 4 are typical
summer-time conditions with subtropical eastward flux, and in period 5 in early fall
the end of the convective season results in reduced subtropical waves. Analogously
we find for the Southern Hemisphere in the right panel summer conditions, the quiet5
season in April and different stages of winter conditions throughout periods 3 to 5.
All this general behavior is also found in various climatologies from observations and
dedicated modeling (e.g., Wu and Waters, 1997; Fröhlich et al., 2007; Preusse et al.,
2009a; Ern et al., 2011).
A remarkable feature is a jump of a factor of 3 in average hemispheric GWMF from10
28 January to 29 January (i.e. from one day to the next inside period 1). This is due
to the two major events of orographic GWs at Greenland and the storm east of Nor-
way discussed in depth in Sect. 3. Similarly, in the Southern Hemisphere, day-to-day
variations of a factor 2 are observed in winter. In contrast, GWMF in the summer hemi-
sphere is almost steady. On a first instance those facts may seem surprising in that15
convection, which is very intermittent, causes a steady flux, while orography, which in
itself does not alter, excites GWs with huge variations in GWMF. However, considering
a sufficient large area, tropical and subtropical convection will form and decay every
day, though at different positions but for a larger area in a very persistent manner over
the whole rain season. Also the general fact that mountain waves are highly dependent20
on the specific wind profile throughout the troposphere is well known and has been
reported for instance for the southern Andes (Eckermann and Preusse, 1999; Jiang
et al., 2002). However, the accuracy and data density of current-day satellites is in-
sufficient to calculate meaningful daily averages, and the fact that such single events
cause bursts in the total hemispheric flux by as here a factor of 3 to our knowledge25
has not been discussed. It should be noted that such bursts of GWMF may be even
underestimated in ECMWF data due to the fact that short horizontal wavelength GWs
are missing.
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7 Summary
ECMWF data are analyzed for GWs at 25 km altitude and the resulting waves are back-
traced to potential sources, that is, the true source can be located at any altitude above
the termination altitude of the ray. In global distributions of the termination location oro-
graphic sources such as Greenland, the Antarctic Peninsula and South America as well5
as a storm approaching the Norwegian coast are identified. In these regions GWs prop-
agate in less than one day to 25 km altitude. Elsewhere GWs on average need more
than two days from source to 25 km altitude. Mountain waves and GWs from storms
cause bursts in the total hemispheric fluxes by factors of 2 (Southern Hemisphere) or
3 (Northern Hemisphere).10
Using spatial correlation, we would have misinterpreted the strong GWs at north-
ern Norway to be mountain waves, i.e. we would have overestimated the influence of
mountain waves on the global flux considerably. Backtracing is a very well suited tool
to avoid such misinterpretations. It can be applied to GW resolving models and obser-
vations which fully characterize the waves, such as super pressure balloons (Hertzog15
et al., 2008), but not to current-day satellite observations.
Resolved GWs in ECMWF data have at low latitudes very long horizontal wave-
lengths of more than 1000 km, much longer than the typical wavelengths indicated by
observations for these regions. Tropical phase speed spectra generated from ECMWF
data peak at less than 10ms−1, slower than expected from mesoscale modeling and20
also from observations. Global maps indicate that the location of the source is related
to convection. Furthermore, when using backtracing, we find that almost all rays pass
above a convective system in the UTLS. This gives evidence that the likely source is re-
lated to convection. The tropical GWs are generated in the region of highest shear aloft
the convective system rather than in the troposphere by resonant forcing. As resonant25
forcing is assumed to be the most important process in generating convective GWs and
is the basis of recently developed GW source parametrizations for GCMs, this result
is rather unexpected. Also horizontal wavelengths of convective GWs in ECMWF data
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are much longer than in observations. This is not a problem of the model resolution: it
should be noted that the spatial resolution of the ECMWF model would be sufficient to
resolve GWs of scales as observed by the satellites. Also several studies of typhoon-
generated GWs were performed at similar spatial resolution as these ECMWF runs
and generate distributions peaking at a few hundred kilometer horizontal wavelengths.5
Several previous studies, however, indicated that the parametrization for convec-
tion may be crucial in determining the spectrum of waves excited. The convective
parametrization in ECMWF comprises the dynamics of a convective system inside
a single grid cell, i.e. it comprises both updrafts and downdrafts and couples only the
residual effects to the dynamical core of the GCM. These residual effects are much10
weaker than the dynamics of a resolved convective system and the GCM therefore
cannot correctly represent the GWs.
Almost all results obtained in this paper are based on simulated satellite observa-
tions from an infrared limb imager. For current-day instruments we can only diagnose
sources by either spatial collocation, which can be highly misleading as shown above,15
or by forward modeling and comparison, which leaves many uncertainties about the
details of the model used. However, as demonstrated in the paper, full wave charac-
terization by an infrared limb imager would allow us to determine source regions and
source processes much more accurately by backward ray-tracing. In addition, much
more stringent constraints on the phase speed and wavelength distribution (cf. discus-20
sion of Figs. 8 and 9) would be possible. The paper therefore is also a demonstration
of the huge potential of an infrared limb imager for GW research.
High resolution global weather forecast data contain GWs from many processes. By
means of data assimilation they capture well the synoptic scale meteorology. If the pro-
cesses generating GWs from different sources are well represented in the GCM, they25
are a suitable tool also for predicting GW activity. (Please note that data assimilation
so far has not been proven to improve the representation of GWs in a model. The GWs
need to be generated by the model from the synoptic scale structures self consistently
without further guidance from data.) Despite the fact that there will be some differences
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due to missing resolution also at high latitudes, main distributions and general features
at mid and high latitudes are broadly realistic. Further validation, however is required.
ECMWF data may then at higher latitudes be very helpful to explore the nature of GW
source processes.
Ever since satellites observed extremely high GWMF in the Antarctic winter polar vor-5
tex far from orography, the source of these waves is puzzling. For instance, Hendricks
et al. (2014) attribute these GWs to excitation by instability growth in the troposphere,
but do not identify the actual source altitude of the waves seen in the stratosphere. In
the current study, we find indication for such waves from the storm tracks. In addition,
backward ray-tracing gives evidence that many GWs in the Antarctic winter polar vortex10
originate from jet instabilities around the tropopause or in the lower stratosphere.
A further potential use of ECMWF data is identifying regions and periods of en-
hanced GW activity in order to guide measurement campaigns for investigating gener-
ation, propagation and dissipation of GWs. Finally, a validated global model can also
help to understand e.g. day-to-day variations in a regional or global context, which can-15
not be captured by today’s measurements. In contrast, GWs from convection cannot
be considered as realistic.
This brings us back to our original question in the introduction: will increasing res-
olution in seamless climate modeling automatically result in a good representation of
GWs? In other words, will it make dedicated GW research and parametrizations ob-20
solete? The examples presented in this paper give evidence that at least validation is
further required. Parametrizations optimized for a certain end, here the prediction of
precipitation, may fail to capture or generate other aspects. Thus a sound understand-
ing of all processes would be a prerequisite to seamless climate prediction. Another
prerequisite therefore is that not only effects e.g. driving the short term weather fore-25
cast skills are dominating the model development.
In case of the tropical convection, the model does not only underestimate the short
horizontal wavelength part of the GWMF spectrum, but also overestimates the long
horizontal wavelength part of the GWMF spectrum. Where GWMF is underestimated,
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a parametrization may be employed to represent these waves in a GCM. However,
where GWMF is too large in respect to reality, there is no concept for removing this
excessive GWMF. The scales of the waves conveying the GWMF for lower to higher
altitudes matter: waves of different wavelengths have different propagation properties
and will influence higher altitudes in the atmosphere differently. Thus, a shift in wave-5
lengths, which could be present also for other sources such as spontaneous imbalance,
may alter the behavior of the middle atmosphere e.g. in a climate run. Such spectral
shifts and even overestimation of GWMF can be produced even at very high resolution
(Lane and Knievel, 2005), in fact even at resolutions which are orders of magnitude
higher than for the current ECMWF model.10
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Fig. 1. Power spectra of ECMWF temperatures in zonal direction averaged over the period from 28 January
to 3 February 2008 and over latitudes from 40◦ N to 60◦ N. Altitude is 25 km. The red line shows the average
power spectral density in [K2km], the purple line indicates a slope of −5/3, the green line the fit-by-eye where
the spectrum becomes significantly steeper than the power-law, corresponding to a wavelength of ∼220km.
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Fig. 1. Power spectra of ECMWF temperatures in zonal direction averaged over the period from
28 January to 3 February 2008 nd over latitudes from 40◦ N to 60◦ N. Altitude is 25 km. The
red line shows the average power spectral density in [K2 km], the purple line indicates a slope
of −5/3, the green line the fit-by-eye where the spectrum becomes significantly steeper than
the power-law, corresponding to a wavelength of ∼ 220 km.
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Fig. 2. Gravity wave parameters in ECMWF reanalysis fields. Panel a shows temperature residuals from black,
-6 K to red, 6 K after removing the zonal mean and planetary scale waves up to wavenumber 6. Vertical winds
(blue, -1 ms−1 to red, +1 ms−1) in panel b highlight the small-scale structures. For satellite-like processing
the residual temperatures (black, less-equal than -4 K to red, larger-equal 4 K) are sampled to simulated mea-
surement positions of an ILI in panel c. After applying a limited-volume three-dimensional sinusoidal fit, GW
momentum flux (black, less-equal 0.01 mPa to larger-equal 100 mPa) is deduced (panel d). GWMF is largest in
regions of strong vertical wind structures (panel b) and where temperature residuals indicate large amplitudes
of short horizontal scales (panels a, c).
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Fig. 2. Gravity wave parameters in ECMWF reanalysis fields. Panel a shows temperature resid-
uals from black, −6K to red, 6K after removing the zonal mean and planetary scale waves up
to wavenumber 6. Vertical winds (blue, −1ms−1 to red, +1ms−1) in (b) highlight the small-scale
structures. For satellite-like processing the residual temperatures (black, less-equal than −4K
to red, larger-equal 4K) are sampled to simulated measurement positions of an ILI in (c). After
applying a limited-volume three-dimensional sinusoida fit, GW omentum flux (black, less-
equal 0.01mPa to larger-equal 1 0 Pa) is d duced (d . GWMF is largest in regions of strong
vertical wind structures (b) and where temperature residuals indicate large amplitudes of short
horizontal scales (a, c).
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Fig. 3. Global maps of (a) the ray-termination location and the altitude ([km]) to which rays can be backtraced
(LTA) for 29 January 2008, (b) the time to reach the ray-termination in hours, (c) altitude, as (a), but with
reduced color scale and (d) only the rays which terminate between 12 km and 18 km altitude overplotted on
accumulated precipitation ([mm]) for 27 January. Precipitation is smoothed by a box-average of 9 x 9 points.
The size of the dots is a measure of the GWMF at 25 km altitude. In order to determine the value, please refer
to the green dots in the lower right corner of the panels which indicate 0.01, 0.1, 1 and 10 mPa, respectively
(scale is equal for all panels).
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Fig. 3. Global maps of (a) the ray-termination location and the altitude [km] to which rays can
be backtraced (LTA) for 29 January 2008, (b) the time to reach the ray-termination in hours,
(c) altitude, as (a), but with reduc d col r s ale and (d) only t e rays which terminate between
12 km and 18 km altitude overplotted on accumulat d precipit tion [ m] for 27 January. Pre-
cipitation is smooth d by a box-average of 9×9 oints. The size of the dots is a measure of the
GWMF at 25 km altitude. In order to determine the value, please refer to the green dots in the
lower right corner of the panels which indicate 0.01, 0.1, 1 and 10mPa, respectively (scale is
equal for all panels).
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28 Jan 2008, 18:00 GMT ; 850 hPa rays from 29-Jan 12:00 ; 25 km  wind div.: 28-Jan 18:00 ; 5km
1
2
a) b)
Fig. 4. Absolute horizontal wind velocities (blue, 0 ms−1 to red, larger-equal 30 ms−1; arrows indicate di-
rection) at 850 hPa (panel a) for the North Atlantic. Values given are 18 hours prior to the GWMF analyses
shown in Figures 2 and 3 and display a storm approaching the Norwegian coast. Horizontal wind divergence
(blue, -0.5 ms−1km−1 to red, 0.5 ms−1km−1) for the same time (panel b) indicates GW activity at the south
tip of Greenland, in the high-wind regions over the Northern Sea and for the southern part of Norway. The
southern part of Norway is indicated by the red ellipse marked ’1’. Also along the coast of mid Norway (red
ellipse marked ’2’) some wave structures are seen. These regions are source of strong GW activity at 25 km, as
indicated by the backtraces (altitude-colored dots; dark green, 0 km to light-green, 25 km).
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Fig. 4. Absolute horizontal wind velocities (blue, 0ms−1 to red, larger-equal 30ms−1; arrows
indicate direction) at 850 hP (a) for the North Atlantic. V lues given are 18 h prior to the GWMF
analyse shown in Figs. 2 n 3 and display a storm approa hing the Norwegian coast. Hor-
izontal wind divergence (blue, −0.5 s−1 km−1 to red, 0.5ms−1 km−1) for the same time (b)
indicates GW activity at the south tip of G eenland, in the high-wind regions over the Northern
Sea and for the southern part of Norway. The southern part of Norway is indicated by the red
ellipse marked “1”. Also along the coast of mid Norway (red ellipse marked “2”) some wave
structures are seen. These regions are source of strong GW activity at 25 km, as indicated by
the backtraces (altitude-colored dots; dark green, 0 km to light-green, 25 km).
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28 Jan 2008 - 03 Feb 2008
a) d)
29 Jun 2008 - 05 Jul 2008
b) e)
10 Aug 2008 - 16 Aug 2008
c) f)
0 5 10 15 20 0 5 10 15 20 25 30 35
altitude [km] acc. convec. precip. [mm]
Fig. 5. Global maps of (a,b,c) average LTA (black, 0 km to red, 20 km) and (d,e,f) accumulated precipitation
(transparent, no precipitation to dark-blue, 35 mm per day) for three one-week periods in January/February
(upper row), June/July (middle row) and August 2008 (lower row). Precipitation is smoothed by a box-average
of 9 x 9 points. For panels a, b and c the length of the rectangles is proportional to the accumulated GWMF
for circular source regions of pi 8002 km2: the length equals the sampling distance for GWMF of 30 mPa (for
details see text). Also shown in the right column by contours are average LTA of 5 km (purple), 7 km (pink)
and 11 km (red) only for those regions where accumulated GWMF exceeds 20 mPa.
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Fig. 5.Global maps of (a–c) average LTA ( lack, 0 km to red, 20 km) nd (d–f) accumulated pre-
cipitation (transparent, no precipitation to dark-blue, 35mmday−1) for three one-week periods
in January/February (uppe row), June/July (middle row) and August 2008 (lower row). Precip-
itation is smoothed by a box-average of 9×9 points. For panels a, b and c the length of the
rectangles is proportional to the accumulated GWMF for circular source regions of pi 8002 km2:
the length equals the sampling distance for GWMF of 30mPa (for details see text). Also shown
in the right column by contours are average LTA of 5 km (purple), 7 km (pink) and 11 km (red)
only for those regions where accumulated GWMF exceeds 20mPa.
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Fig. 6. Relative distribution in [%] of the momentum flux at 25 km versus LTA in [km] for rays terminating
between 40◦ S - 40◦ N. Data are averaged over all five one-week periods. The black line shows LTA as de-
termined by the ray-tracer, the dark blue line indicates LTA for only those waves which end over convection.
The light blue curve is calculated from rays which were terminated when intersecting precipitation larger than
0.5 mm/day. The red line indicates the cases which never pass locations of convection.
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Fig. 7. Altitude-latitude cross sections of absolute GWMF (upper row) and the minimum Richardson number
(lower row): zonal mean of the absolute value of zonal GWMF in [log10 over 1 mPa] (black, 0.1 mPa to red,
100 mPa) is approximated from the wind perturbations. Note that in the troposphere diabatic motions may
be larger than adiabatic motions by GWs. The minimum Richardson number at a given latitude and altitude is
presented in [log10] (black, .1 to red, 1000). The three columns show: all ECMWF data points (left column) and
only those with precipitation larger than 0.5 mm/day (middle column) or no precipitation at all (right column).
37
Fig. 6. Relative distribution in [%] of the momentum flux at 25 km vs. LTA in [km] for rays
terminating between 40◦ S–40◦ N. Data are averaged over all five one-week periods. The black
line shows LTA as determined by the ray-tracer, the dark blue line indicates LTA for only those
waves which end over convection. The light blue curv is calculated from rays which were
terminated when intersecting precipitation larger than 0.5mmday−1. The red line indicates the
cases which never pass locations of convection.
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Fig. 6. Relative distribution in [%] of the momentum flux at 25 km versus LTA in [km] for rays terminating
between 40◦ S - 40◦ N. Data are averaged over all five one-week periods. The black line shows LTA as de-
termined by the ray-tracer, the dark blue line indicates LTA for only those waves which end over convection.
The light blue curve is calculated from rays which were terminated when intersecting precipitation larger than
0.5 mm/day. The red line indicates the cases which never pass locations of convection.
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Fig. 7. Altitude-latitude cross sections of absolute GWMF (upper row) and the minimum Richardson number
(lower row): zonal mean of the absolute value of zonal GWMF in [log10 over 1 mPa] (black, 0.1 mPa to red,
100 mPa) is approximated from the wind perturbations. Note that in the troposphere diabatic motions may
be larger than adiabatic motions by GWs. The minimum Richardson number at a given latitude and altitude is
presented in [log10] (black, .1 to red, 1000). The three columns show: all ECMWF data points (left column) and
only those with precipitation larger than 0.5 mm/day (middle column) or no precipitation at all (right column).
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Fig. 7. Altitude-latitude cross sections of absolute GWMF (upper row) and the minimum
Richardson number (lower row): zonal mean of the absolute value of zonal GWMF in [log10
over 1mPa] (black, 0.1mPa to red, 100mPa) is approximated fro the wind perturbations.
Note that in the tropospher diabatic m tio s may be larger than adiabatic motions by GWs.
The mini um Richardson number at a given latitud and altitude is pr sented in [log10] (black,
0.1 to red, 1000). The three columns show: all ECMWF data points (left column) and only
those with precipitation larger than 0.5mmday−1 (middle column) or no precipitation at all (right
column).
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28-Jan-2008 - 3-Feb-2008
29-Jun-2008 - 5-Jul-2008
0 2 4 6
momentum flux [mPa]
a) b)
c) d)
Fig. 8. Momentum flux ([mPa]) versus phase speed (distance from center, [ms−1]) and azimuthal direction
(eastward, positive x; northward, positive y). The left column shows cases for which backtraces naturally end
at convection, i.e. intersection of rays with convection is not taken into account. The right column shows all
other cases. Black and white dashed concentric circles indicate 20, 40 and 60 ms−1 phase speed.
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Fig. 8. Momentum flux [mPa] vs. phase speed (distance from center, [ms−1]) and azimuthal
direction (eastward, positive x; northward, positive y). The left column shows cases for which
backtraces naturally end at convection, i.e. intersection of rays with convection is not taken into
account. The right column shows all other cases. Black and white dashed concentric circles
indicate 20, 40 and 60ms−1 phase speed.
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Fig. 9. Spectra of GWMF normalized to the total number of all wave events ([log10 over 1Pa]; black, 10−4mPa
to red, 0.1mPa) versus horizontal and vertical wavenumber (both [log10 of km−1]). Due to observational
effects, spectra from HIRDLS (left column) are long-biased compared to the true distributions in terms of
horizontal wavelength, but still peak at much shorter horizontal wavelengths than spectra from ECMWF (right
column). For better orientation, the gray grid-lines indicate 10 km vertical wavelength and 1000 km horizontal
wavelength, respectively. White lines give intrinsic phase speed (labels are reproduced at the right y-axis of
panel e). Vertical wavelength values are given at the right y-axis of panel f.39
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Fig. 9. Spectra of GWMF normalized to the total number of all wave events ([log10 over 1Pa];
black, 10−4mPa to red, 0.1mPa) vs. horizontal and vertical wavenumber (both [log10 of km−1]).
Due to observational effects, spectra from HIRDLS (left column) are long-biased compared to
the true distributions in terms of horizontal wavelength, but still peak at much shorter horizontal
wavelengths than spectra from ECMWF (right column). For better orientation, the gray grid-lines
indicate 10 km vertical wavelength and 1000 km horizontal wavelength, respectively. White lines
give intrinsic phase speed (labels are reproduced at the right y-axis of (e)). Vertical wavelength
values are given at the right y-axis of (f).
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Fig. 10. Vertical winds (blue, -0.5 ms−1 to red, 2 ms−1) for 28 Jan. 2008, 10 km altitude.
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Fig. 11. Zonal gravity wave momentum flux calculated according to equation (5) from the full-resolution model
winds and integrated over latitudes 0◦to 90◦ N for the northern hemisphere is shown in panel (a) and integrated
over latitudes 0◦to 90◦ S for the southern hemisphere is shown in panel (b). Color indicates altitudes of 25 km
(black), 35 km (green) and 45 km (red).
40
Fig. 10. Vertical winds (blue, −0.5ms−1 to red, 2ms−1) for 28 January 2008, 10 km altitude.
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Fig. 10. Vertical winds (blue, -0.5 ms−1 to red, 2 ms−1) for 28 Jan. 2008, 10 km altitude.
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Fig. 11. Zonal gravity wave momentum flux calculated according to equation (5) from the full-resolution model
winds and integrated over latitudes 0◦to 90◦ N for the northern hemisphere is shown in panel (a) and integrated
over latitudes 0◦to 90◦ S for the southern hemisphere is shown in panel (b). Color indicates altitudes of 25 km
(black), 35 km (green) and 45 km (red).
40
Fig. 11. Zonal gravity ve omentum flux calculated ccording to Eq. (5) from the full-
resolution model winds and int grated over latitudes 0◦ to 90◦ N for the Northern Hemisphere
is shown in (a) and integrated over latitudes 0◦ to 90◦ S for the S uthern Hemisphere is shown
in (b). Color indicates altitudes of 25 km (black), 35 km (green) and 45 km (red).
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